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ABSTRACT
Internal Gravity Waves and Sediment Transport
In Hudson Submarine Canyon
by
Frances Luellen Stephenson Hotchkiss
Submitted to the Department of Earth and Planetary Sciences
on January 18, 1980 in partial fulfillment of the
requirements for the degree of Master of Science
Submarine canyons are active sites of sediment transport
at the edge of the continental shelves. The processes that
formed canyons, and that continue to carry sediment through
them, are largely unexplained. Canyons are theoretically
expected to be areas of intense internal waves; to some
extent this has been verified observationally. We performed
an experiment in Hudson Submarine Canyon in order to describe
the internal wave field there and to deduce its effects on
the canyon-floor sediments.
Our experiment included a CTD survey and an instrument
array which was moored in the canyon for 15 weeks. The data
were analyzed using methods of spectral analysis and evaluated
in comparison to the Garrett-Munk internal wave model,
theories of internal wave generation and intensification along
the continental slope, and observations from the continental
shelf and slope.
The internal wave field we observed in Hudson Canyon
fits predictions remarkably well. Its deviations from the
GM model and from the internal wave fields of the shelf and
slope can readily be explained by the kinematic effects of
the canyon on internal waves. The internal waves in the
canyon are more energetic near the floor than away from it,
and most energetic near the canyon head. The direction of
energy propagation is up the canyon, away from the sea.
Length scales decrease in proportion to depth and are
equivalent to about eight vertical modes.
The canyon-floor sediments have been observed to differ
with depth; large, active grains in the canyon head grade
toward a thick lens of .passive mud at moderate depths.
This zonation can be explained by the intense internal wave
concentration at the canyon head. But the process we
observed that probably moved the most sediment apparently
had nothing to do with internal waves; it occurred during
the worst storm of the experimental period. The storm
caused a shallow up-canyon flow to build up for thirty hours
to a maximum speed of 112 cm/sec, followed by an accelerating,
16-hour down-canyon flow along the canyon floor that reached
a maximum speed of 60 cm/sec.
Thesis Supervisor: Dr. Carl Wunsch
Chairman, Department of Earth and
Planetary Sciences
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Notation and Abbreviations
In this thesis, the following abbreviations are
frequently used:
GM Garrett-Munk
hke horizontal kinetic energy
nsk the number of adjacent frequency components
averaged together in smoothing power density
spectra
pe potential energy
rms root-mean-square: the rms value of x is the
square root of the mean of the squares of the
measured x's.
t-p temperature-pressure
In addition, the following symbols are used consistently:
CAB coherence of data sets A and B
f Coriolis parameter, the frequency of inertial
waves
g acceleration of gravity
h
k
1
m
n
N
PAB
PAB
water depth
wavenumber in x direction
wavenumber in y direction
wavenumber in z direction
non-dimensional buoyancy, or Brunt-Vaisala,
frequency
dimensional buoyancy frequency
pressure
cross-power density of data sets A and B
T temperature
t time
uj eastward velocity component
v,jr northward velocity component
w,-- upward velocity component
x eastward coordinate
X horizontal length scale
Y northward coordinate
z upward coordinate
Z vertical length scale
non-dimensional horizontal wavenumber
non-dimensional vertical wavenumber
a frequency
Go potential density, in gm/cm 3 , minus 1 and times 103
p density
w non-dimensional frequency
Wt transitional frequency between regions of high and
low coherence
I. Background
Since the first bathymetric survey of submarine canyons
in 1887, geologists have debated the original cause of
these great gulleys and the forces that continue to keep
them open. Investigations of the currents in canyons
(largely led by Francis Shepard) have revealed energetic
oscillations and catastrophic down-canyon flows. The
causes of these processes, their frequencies of occurrence
and importance in sediment transport are still not
completely known. The importance ascribed to canyons
themselves has continued to grow as coastal oceanographers
study the flux of water and nutrients onto and off of the
shelf. A disproportionate amount of this exchange seems
to occur near submarine canyons.
A converging line of research was carried out largely
by Carl Wunsch and his co-workers. After studying the
effects of shoaling topography on internal waves and
searching for sources and sinks of these waves, Wunsch
hypothesized that the internal wave field in a canyon
should be quite energetic and inhomogeneous. To describe
the internal wave field in a canyon and investigate its
relationship to the observed physical and sedimentological
processes, we carried out an experiment in Hudson
Submarine Canyon.
An array of current meters and temperature-pressure
recorders was moored in Hudson Canyon for a 15-week period,
September 1977 to January 1978. The array was built at
Draper Laboratory by Robert Reid and deployed as part of
R/V OCEANUS Cruise 34, with Carl Wunsch as chief scientist.
Data were recovered from seven current meters and fourteen
temperature-pressure recorders. This thesis presents an
analysis of the data in terms of internal waves, and
considers their sedimentological impact.
Because submarine canyons are of interest to both
geological and physical oceanographers, I have tried to
make this thesis comprehensible to both groups. This was
most difficult in Chapters III and IV. If you find yourself
bored or lost in one of these chapters, please skip it.
The important results are summarized in Chapter V. To
those who would like some additional background, I suggest
the Garrett and Munk (1979) review of internal waves and
the Shepard and Dill (1966) book on submarine canyons.
A. Geology
Submarine canyons are found along many of the world's
continental slopes. They are huge gulleys, often eroded
into resistent rocks, which drain sediment from the
continental shelves onto the sea floor. The cause of
submarine canyons is unknown, although one important
erosional process known to occur in them is the sediment-
laden density current known as a "turbidity current"
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(Shepard and Dill, 1966). The powerful processes that
eroded the canyons are possibly no longer active, but
something is keeping the canyons from filling up. How
the canyons are eroded, or at least maintained, is a
question that must be approached through a study of the
water motions inside the canyon.
Three types of currents are believed to be
responsible for sediment transport within canyons:
oscillatory flows, turbidity currents, and storm currents.
Oscillatory flows caused by tides or internal waves are
often found in canyons; they reach peak velocities high
enough to move the sediment. Occasional catastrophic
turbidity currents have bden observed in West Coast
submarine canyons. These carry large volumes of sediment
when a dense turbid water mass flows rapidly down the
canyon under its own weight, catching up more sediment as
it goes (Shepard and Marshall, 1978). Turbidity currents
in the strict sense have never been observed in the East
Coast canyons, but milder surges, called "low-speed
turbidity currents", have been seen (Shepard et al., 1977).
Low-speed turbidity currents are sudden, sediment-bearing
flows with peak speeds of 50 to 70 cm/sec, lasting a few
hours. Finally, storms have been observed to cause
erosion of material in shallow canyon heads (Keller and
Shepard, 1978).
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Hudson Canyon (see Figure 1) is the largest of the East
Coast submarine canyons but it is typical in shape. It
lies at the edge of the continental slope, 200 km southeast
of New York City. The canyon lies at the bend of the shelf
in the Middle Atlantic Bight, but locally the shelf break
is straight and oriented 450 east of north.
Figure 2 shows the bathymetry of the canyon. Taking
the break in slope at the 165 m isobath as the edge of the
continental shelf, the canyon head is 30 km shoreward of
the edge, in 90 m of water. From its head the canyon runs
southeast until its axis is 400 m deep. At this point, it
is joined by a major tributary from the north and the entire
canyon turns to the south. When the axis reaches 600 m, it
turns to the southeast and intersects the continental slope
at about a right angle. The walls of the canyon are 760 m
tall at the shelf edge.
In transverse profile the canyon is V-shaped, with a
narrow, sediment-covered floor. Its width increases from
3.5 km at the head to 13 km at the shelf-slope break.
Figure 3 shows three transverse sections of the canyon.
The walls are steep, with rocky outcrops and slopes of
about 25%. Figure 4 shows the axial section of the canyon
from head to shelf break. The slope of the axis is about
20 m/km, with a general upward concavity and small steps.
Hudson Canyon continues down the slope, but it is
only this upper part, incised into the continental shelf,
0 0 0 % • 0 V
Fig. 1. Bathymetry of the continental shelf from Delaware to Cape Cod, showing the
location of Hudson Canyon. (Bathymetry from Uchupi, 1965)
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Figure 2. Bathymetry of Hudson Submarine Canyon (depths in
fathoms) showing the locations of our moorings
and hydrographic stations. (Chart adapted from
NOAA 0807 N-52.)
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Figure 4. Axial section of Hudson Canyon showing approximate locations of the moored
instruments. Most moorings landed toward the south side of the canyon so
their bases are above the canyon axis. (Bathymetry from NOAA 0807 N-52)
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that I will be considering. In addition to the canyon, the
Hudson sea-valley system includes a shelf valley and a fan
valley. Hudson Shelf Valley is a shallow channel that
extends the Hudson River channel out to the vicinity of
the canyon head, but fails to connect directly to the
canyon. At the base of the slope is the Hudson Fan Valley,
crossing a fan, or wedge, of sediments that have apparently
come -off the shelf through the canyon (Shepard and Dill,
1966).
Geological investigations of Hudson Canyon have found
three distinct sediment zones along the canyon axis. The
canyon head, the shallowest zone, is a region of very strong
currents. In the middle zone, from 400 to about 1000 m
deep, a layer of mud blankets the canyon floor; here the
currents are apparently less vigorous than at the head.
Deeper than 1000 m, the floor is again sandy, an occasional
strong current probably keeping the mud swept clear.
Coarse sand covers the floor of the upper canyon only
to 275 m depth. G. H. Keller used the submersible vessel
ALVIN to observe the sediment in the canyon head. He (Keller
and Shepard, 1978) reported that grains were hopping about
on the floor erratically, as in the turbulence under a surf
zone, but at a smaller scale. Samples of water collected
several meters above the floor at 200 m and 300 m included
grains of fine sand and silt. Such grains settle to the
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bottom quickly, so their presence several meters up indicates
velocities high enough to erode them. As no grains were
found in water samples collected over the surrounding shelf
or above the canyon walls, the grains must have been picked
up locally. In the head of the canyon, three days after a
hurricane passed through New York Bight, ALVIN encountered
turbid water at a site that had been clear four days earlier
and was again clear two days later (Keller and Shepard, 1978).
About 400 m deep, the floor changes from fine sands and
silts to thick deposits of mud, silty clay and clayey silt.
Although this unconsolidated mud looked very susceptible to
erosion, Keller et al. (1973) found no effect on the
sediment even when current speeds reached 27 cm/sec.
Concentrations of fine suspended material are five times
above normal in the canyon head, decrease over these mud
deposits, and are not found down-canyon (Biscaye and Olsen,
1976). Drake et al. (1978) note that the currents measured
by Shepard at 1254 m differ from currents in the canyon
head. In the head, they shift fairly abruptly from strong
up-canyon to strong down-canyon flow (or vice versa) with
the tidal cycle, but deeper the speed is very low for long
intervals while the direction is changing. Drake et al.
suggest that the lull in water speed allows the mud to
settle out. Once deposited, it is apparently very hard to
resuspend.
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Fine sand again makes up the floor in the deeper part
of the canyon. A thin layer of mud is frequently reported,
but scour marks around boulders and ripple marks in the
sand indicate that occasional strong currents sweep through.
The currents measured in the deep part of the canyon are
usually less than 10 cm/sec (Cacchione et al., 1978).
Several studies have been done on the currents in
East -Coast submarine canyons. Currents measured by Amos
et al. (1977) are dominated by up- and down-canyon oscilla-
tions at tidal period. The tidal velocity is much greater
than that on the slope. Cross-canyon oscillations have
lower velocities and higher frequencies than those along
the canyon. The current spectra show little or no inertial
energy, which is consistent with the general suppression of
inertial waves near seamounts and slopes. Peak velocities
measured in the canyon under normal conditions range from
35 cm/sec at the head to 2 cm/sec at 2000 m.
In summary, prior studies of Hudson Canyon have
verified that it is like many other submarine canyons in
containing strong oscillatory currents, and that these vary
in strength and character along the canyon, with
sedimentological consequences. One purpose of our Hudson
Canyon array was to look for the causes of these strong
oscillations and of their along-canyon variations. A
secondary purpose was to record the frequency and contexts
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of strong down-canyon flows, so that we might deduce their
causes.
B. Physics
The physical oceanographers who study the waters
over-laying the continental shelf and slope are interested
in submarine canyons as unusually active sites of interaction
between these two water masses. In particular, enhanced
mixing and excursions across the water-mass boundary are
thought to occur near canyons (Mooers et al., 1979).
Energetic internal wave activity in the canyon could be
expected to enhance mixing, which in turn could cause
geostrophic flows across the shelf-slope break.
Physical oceanographers who study internal waves and
tides suspect that submarine canyons, as well as other
topographic features of the sea floor, are sources and
sinks of these waves. Internal waves of a wide range of
periods, typically from an hour to twenty hours, are
observed in all parts of the ocean. Internal tides are
internal waves of tidal periods, dominantly semi-diurnal
and diurnal. The restoring force for internal waves is
a combination of gravity acting on the vertical density
gradients in the water and the Coriolis effect, a sideways
acceleration of moving particles caused by the earth's
rotation.
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Inertial waves are the low-frequency limit for free
internal waves. They cause water particles to circulate
in horizontal circles, unaffected by gravity. The inertial
frequency is the Coriolis parameter f, twice the rate of
rotation of local horizontal planes:
f = 41rsine, in cycles per hour (cph),
where 2rn-Q is one cycle per 24 hours
and 0 is latitude.
At Hudson Canyon, f = 0.053 cph. In the highest-frequency
internal waves, water particles are entirely unaffected by
the Coriolis effect but feel the restoring force of
gravity acting on the vertical density gradient. Water
particles bob up and down at the buoyancy frequency, N
(I will follow Garrett and Munk, 1972, in using cyclical
frequencies consistently.):
where ro is a constant representing the average local density,
and is the local vertical density gradient.
In Hudson Canyon, N is about 0.5 to 3 cph, depending on
location. In general, internal wave frequencies are
between f and N, and water circulates in tilted ellipses
under the influence of both restoring forces.
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The internal wave field of the deep ocean is nearly
homogeneous. Both energy level and the distribution of
energy among frequencies and wavelengths fit a common
pattern for data taken almost anywhere in the ocean.
Wunsch and Webb (1979) have searched in likely places
and found that deviations from the usual pattern occur
under the Gulf Stream, near the equator, and near
topographic features: canyons and seamounts. Near
seamounts and in canyons, Wunsch and Webb found high
internal wave energies and anisotropic velocity fields.
Anisotropic velocity is clearly an effect of a nearby
impermeable wall, and in the canyon case the high energy
could result from the theoretically predicted geometrical
trapping of internal waves. Thus there is evidence, in
the deviation of their wave fields from that generally
found in the deep ocean, that submarine canyons are
internal wave sinks.
The normal pattern for oceanic internal waves was
described by Garrett and Munk (1972, 1975), who devised a
mathematical model of internal wave energy as a function
of frequency and wavenumber. (I will follow Garrett and
Munk in using a cyclical wavenumber, the inverse of
wavelength.) Garrett and Munk assumed a homogeneous,
horizontally isotropic wave field in which energy is spread
fairly evenly over a continuum of wavenumbers rather than
a discrete spectrum that represents the effects of top
22.
and bottom boundaries. Their model fits the internal wave
fields observed in most of the deep ocean (Wunsch and Webb,
1979).
The continental shelf is an example of a sink for
internal waves, according to Gordon (1978), who studied the
northwest shelf of Africa. He found internal waves of
oceanic origin propagating shoreward on the shelf as first
mode waves, one half of a vertical wavelength in the depth
of the water. At the outer edge of the shelf, the kinetic
energy per unit volume of water increased with decreasing
depth as waves carried their energy into the decreasing
volumes of water. Gordon concluded that this process of
intensification went on until a critical depth was
reached, where the local energy density was too great for
stability. Shoreward of this depth, the internal waves
dissipated.
The break in slope at the edge of the continental shelf
is a source of internal waves of tidal frequency that
propagate onto the shelf and into the ocean. Prinsenberg
et al. (1974) have worked out the theory of the internal
waves that are created when a long surface wave hits a
submerged wall. The internal waves are of the same
frequency as the surface wave and propagate away at right
angles to the wall, in beams that originate at the top of
it. Internal waves that apparently form at the continental
slope by this mechanism have been observed on the shelf by
23.
Apel et al. (1975) and in the ocean by Regal and Wunsch
(1973).
The internal waves measured over the continental slope
are similar to those expected in the canyon. There, the
energy levels have been observed to increase with
decreasing depth, inertial oscillations to die out with
proximity to the shelf, and internal tides to radiate from
the shelf break. At the base of the slope 190 km east of
Hudson Canyon is site D, a location where WHOI maintained
a current meter mooring for a decade. The internal wave
field there fits the Garrett-Munk model except for the
anisotropy of the near-surface internal tide. Regal and
Wunsch (1973) showed that'internal tides generated at the
slope would reach site D at the surface, and that this
process would explain why the energy near the top of the
water column is anisotropic near tidal frequency.
Further up the slope, Wunsch and Hendry (1972)
observed the currents with an instrument array located
just east of Hudson Canyon, at water depths ranging from
876 to 2700 m. The velocities at their deepest mooring
resembled those measured at site D, with dominant inertial
waves and only a weak signal at tidal frequency. As the
water depth decreased, the tidal velocities grew and the
inertial velocities diminished until at 876 m the inertial
peak was almost gone. High frequency oscillations also
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decreased in shallow water, although theoretically (in the
absence of dissipation) they should increase as observed by
Gordon (1978). Wunsch and Hendry concluded that the growth
of the tidal velocity was caused by internal tides generated
along the slope.
Zenk and Briscoe (1974), measuring in 501 m of water
south of Cape Cod, found vertical kinetic energy in the
internal wave band (scaled by buoyancy frequency) about six
times greater than at site D, a factor roughly equal to the
depth ratio. If the slope serves to concentrate all
incoming energy into a shorter water column, such an increase
of local energy as the inverse of water depth would be
expected. On the slope west of Africa, this is what
Gordon (1978) found.
Zenk and Briscoe (1974) found a pronounced inertial
periodicity in their records from the upper layer of water.
This agrees with Mayer et al. (1979), who described strong
weather-related inertial waves in the upper layer of the
New York Bight, occurring only in the summer when the
Bight was stratified.
In general, these observations agree with the
Prinsenberg et al. (1974) theory of internal wave
generation and with an analytical solution by Wunsch
(1969) for internal waves propagating up a slope. In the
Wunsch solution, which neglects dissipation except in a
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laminar boundary layer, the amplitude of the internal waves
increases as the water shallows, and increases most
dramatically near the floor. The length scale of the wave
field, the vertical wavelength for example, decreases in
proportion to the depth. The slope traps the internal
waves and concentrates them at its apex.
A hypothetical picture of the internal wave field in
Hudson Canyon can be drawn from these theories and the
kinematic properties of internal waves. The picture shows
internal waves coming in from the sea and from the
overlaying water and being trapped by the canyon's
geometry, and internal tides being generated along the
canyon walls, as along the continental slope.
Internal waves propagate along sloping paths, at
angles to the horizontal determined by their frequencies
and the local stratification. When an internal wave
reflects off a sloping sea floor, it retains its
frequency and hence its angle of propagation. It reflects
forward and upward if the floor slope is less than the slope
of its trajectory, and backward and downward if it is
greater. This effect means that internal waves entering
the canyon from the sea will reflect backward and out of
the canyon if their frequencies are so low that their
trajectories slope less than the canyon axis. By the
Wunsch solution, internal waves of higher frequency
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entering from the sea will propagate right up to the head
of the canyon. Internal waves entering the canyon from
above will reflect upward, and out of the canyon, if they
encounter a wall that slopes less than their trajectories.
This will prevent most of the very high frequency internal
waves, which travel nearly vertically, from reaching the
canyon floor.
.The critical frequency cj of a sloping wall is the
frequency of internal waves that propagate parallel to it.
Internal waves of frequency greater than cC reflect upward
from the sea floor, those of frequency less than oc reflect
backward. Only internal waves of frequency greater than oj
with respect to the slope'will be trapped in the Wunsch
solution; those near critical frequency will experience
the most bottom intensification. Critical frequency
depends on floor slope S, and buoyancy frequency through
this relationship:
C
For Hudson Canyon, the seaward slope of the canyon axis is
about 0.02, corresponding to a critical frequency of
0.056 cph. This is barely above the inertial frequency,
0.053 cph. The wall slopes range from about 0.2 to 0.4
in the sections near the moored instruments, for critical
27.
frequencies of 0.2 to 0.4 cph.
Internal tides are expected to be generated at the
break in slope around the top of the canyon walls just as
they are generated along the break in slope atop the
continental slope. By the Prinsenberg et al. (1974) theory,
they should propagate away from the break, normal to its
trend, in a beam that has the proper slope for the tidal
frequency. When the beam hits the opposite wall of the
canyon it will reflect down into the canyon, so the
energy radiated toward deeper water from the canyon wall
will be caught by the canyon.
The hypothetical internal wave field in Hudson Canyon
has a strong internal tide component. In our hypothesis,
the distribution of internal wave energy in the canyon
resembles the pattern produced in the Wunsch (1969) slope
solution, but has more intense highs because the patterns
produced by the sloping bottom are reinforced by the
converging walls. In the Wunsch solution, internal waves
coming from the sea reach high amplitudes at the floor and
are funnelled into shallower regions, causing higher energy
densities. In the canyon, the walls catch additional
internal waves from above and squeeze their energy into
narrower sections as they propagate down. They finally
bounce off the bottom and start back up, but during their
residence in the canyon the energy density is greatest
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where the volume is smallest: at the bottom. The walls also
squeeze the waves that are on their way to the head, and
compress their energy sideways as well as vertically. The
resulting picture is one of energy flux into the canyon
from the sea through its top and seaward (imaginary)
boundaries, with intense internal wave activity in the
canyon head and generally high amplitudes near the floor.
.If this hypothesis is accurate, the strong oscillatory
currents that the geologists observe in Hudson Canyon are
topographically generated internal tides and kinematically
amplified internal waves. The sediment zonation observed
along the canyon could result from the intensified wave
activity in the canyon head and a finite supply of mud
coming off the continental shelf. The mud is held in
suspension through the energetic canyon head, settles out
in the calmer middle section, and is not found in the
deepest zone because none is left. Turbidity currents are
not easily explained by this hypothesis; perhaps the
concentration of time-dependent motions in the canyon head
somehow sets them off.
29.
II. The Experiment
Our investigation of the Hudson Canyon internal wave
field used data from two sources, a hydrographic survey of
the canyon and a moored array of instruments. We used
data on water stratification produced by a September,
1977 hydrographic survey. At the time of the survey, we
deployed five moorings with current meters and temperature-
pressure recorders, which we recovered 15 weeks later. On
January 9-11, 1978, a severe storm caused strong currents
in the canyon just before we recovered the moorings.
Hydrographic properties were measured with a Neil Brown
CTD, an instrument that measures water conductivity,
temperature, pressure, and dissolved oxygen concentration.
These data were converted to salinity, temperature, and
oxygen concentration at one-decibar intervals by R. Millard
and N. Galbraith of Woods Hole Oceanographic Institution.
The data were calibrated using laboratory comparisons before
and after the cruise, oxygen concentrations from shipboard
titration of water samples, and the salinities of water
samples determined on shore after the cruise. The
calibrated CTD oxygen values are within 0.05 ml/l and the
salinities within 0.02 parts per thousand of those of the
water samples.
The canyon hydrographic section consists of ten
stations occupied within 16 hours on September 29 and 30,
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1977. The positions of the stations are shown in Figure 2;
Table I lists the time and location of each. Figures 5 and
6 are canyon sections of rG , temperature, salinity, and
oxygen drawn from the CTD data. The outstanding features
are a mixed layer at the head of the canyon and a layer of
cold, salty water along the canyon floor. These features
are displayed in the profiles of temperature and salinity
from -station 81, shown in Figure 7.
CTD data were used to calculate temperature gradients
and buoyancy frequencies at the moored instrument locations.
The derivatives were computed using a pressure difference of
twenty decibars, and the resulting temperature gradients and
buoyancy frequencies were averaged over twenty-decibar
intervals. Parameters from stations 83 and 84 were
averaged to get appropriate values for moorings 29 and 30,
parameters from station 82 were used for moQring 31, and
parameters from stations 77 and 81 were averaged for 27
and 28. The resulting temperature gradients and buoyancy
frequencies are shown in Figures 8-10.
The moored array consisted of fourteen temperature-
pressure (t-p) recorders, ten current meters, and a
nephelometer mounted on five moorings. Usable data were
produced by all of the t-p recorders and by seven current
meters. Figure 2 shows the locations of the moorings.
A pair was in the canyon head 500 m apart, where the
31.
Table I
Hydrographic Stations
Distance from Water
Station canyon head depth Month/day Time Latitude Longitude
(km) (m) (1977)
75 2.4 190 9/29 10:40 39.67 72.48
79 4.9 270 9/29 14:10 39.65 72.46
77 6.5 315 9/29 12:34 39.64 72.44
81 10.9 400 9/29 16:08 39.61 72.41
82 15.7 505 9/29 17:08 39.58 72.40
83 21.6 575 9/29 18:44 39.53 72.40
84 35.0 915 9/29 20:07 39.48 72.27
85 39.5 950 , 9/29 21:30 39.46 72.21
86 46.9 1360 9/29 23:21 39.41 72.15
87 58.7 1925 9/30 1:16 39.33 72.04
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canyon axis is 350 m deep. Another pair of moorings was
800 m apart deeper in the canyon, at 780 m depth. The fifth
mooring was roughly midway between the two pairs along the
canyon axis, at depth 500 m.
Figure 4 is an axial section of the canyon, showing
the locations of the moored instruments. Most moorings
held five instrument: current meters at the top and bottom,
and three t-p recorders between. Number 27, the shallowest
mooring, had only two t-p recorders. The deepest mooring,
number 30, had a nephelometer just above the lower current
meter. All the t-p recorders worked properly, although the
temperature range of instruments 284, 292, and 313 was
exceeded at times. No data were obtained from the
nephelometer or from current meters 271, 285, and 301.
The current meters were Aanderaa models RCM4 and RCM5.
They recorded pressure, temperature, speed, and direction at
twenty-minute intervals. The current data were transformed
to eastward (u) and northward (v) velocity components before
analysis. Aanderaa pressure data were used only to
calculate the depths of the instruments. The t-p recorders
were of the type described by Wunsch and Dahlen (1974).
They recorded at intervals of 16 minutes. The depths and
periods of operation of these instruments are listed in
Table II, and samples of their data are shown in Figures
11 and 12.
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Table II
Functioning Moored Instruments
Dis
Mooring ca nyon head
(km)
Instru- Period of operation
ment Type* Depth month/day/year
(m) begin end
272 t-p 155 9/25/77
273 t-p 232.5 1/12/78
274 Aa 258 9/24/77
8. 3
26.7
27.5
15.5
281
282
283
284
291
292
293
294
295
302
30 3
304
306
311
312
313
314
315
* Key to instrument types
Aa = Aanderaa current meter
Aa 57 9/24/77
t-p 108
t-p 211 9/25/77
t-p 264.5
Aa 402
t-p 479.5
t-p 557.5
t-p 6 3 5.5
Aa 720
t-p 496
t-p 573
t-p 655.5)
Aa 743
9/26/77
9/27/77
9/26/77
Aa 126 9/26/77
t-p 251.5
t-p 388.5 9/27/77
t-p 422.5
Aa 498 9/26/77
1/12/78
1/12/78
1/12/78
1/12/78
11/6/77
t-p = temperature-pressure recorder
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Figure 11. Temperature, u and v data from current meter
at the bottom of the outer mooring pair.
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Temperature, u and v data from current meter 274,
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The semidiurnal tide dominates the pressure records
from all the t-p recorders. There are several sharp drops
in pressure, indicating increases in the instruments' depths
apparently because strong currents were pulling the moorings
over. The largest of these occur during the storm currents
just before the moorings were recovered. At the head of
the canyon (moorings 27 and 28) the temperature has strong
oscillations at periods of several days. Deep-canyon
temperature records (moorings 29 and 30) have large
oscillations at a period of about two weeks. Temperature
records from mooring 31 show both the two-week and the
several-day periodicities.
Current velocities reach higher maxima at the shallow
moorings than at the deep ones. The plots of u and v
against time oscillate smoothly about zero for the shallow
moorings, whereas for the deep moorings the velocity records
have sharp spikes, alternately positive and negative. At
the ends of their records, the current meters recorded the
flows that produced the extreme values in all the pressure
and temperature records. This was the canyon waters'
reaction to a severe storm. When we analyzed the data for
internal waves, we excluded these surges by cutting off the
last three days of data.
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The storm currents consisted of first a strong down-
canyon flow that was recorded by the shallower current
meters and then a strong down-canyon flow recorded by the
deeper current meters. Winds rose at JFK airport in New
York City about noon on January 8. Initially blowing from
the southeast, they shifted to the west as they reached
their maximum, 18 m/sec, in the evening of the 9th. Winds
blew from the west at an average speed of 14 m/sec for
39 hours on January 9 and 10, fell to about 8 m/sec for
the next 42 hours, and finally dropped below 5 m/sec and
became variable at noon, January 12.
In the canyon, strong up-canyon flows started in the
outer parts of the canyon on the afternoon of January 9,
and at the other moorings within five hours. All current
meters except 295 and 306 recorded this flow. Velocity built
up gradually over a period of thirty hours and reached a
maximum of 112 cm/sec at instrument 281. Peak speeds were
lower at the deeper instruments; at 291 the maximum was
only 32 cm/sec. These up-canyon peaks occurred at zero
hours (+4 hr.), January 11, and coincided with the beginning
of the down-canyon flow at instruments 295 and 306. This
current built over a period of 16 hours to a maximum of
60 cm/sec, then died out in four hours. The next few
tidal cycles at these instruments were abnormally energetic.
Instruments 291 and 274 also recorded a down-canyon flow,
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beginning at noon on the llth. This milder current reached
only 22 and 33 cm/sec, respectively.
The beginning of the down-canyon flow along the canyon
floor may be interpreted as an event travelling down the
canyon at a rate of 62 cm/sec. The start of this current
at the two instruments was separated by a time lag of 40
minutes, only two data points, hence the uncertainty in
the determination of the event speed is large. The
initial up-canyon flow is difficult to interpret as an
event moving up the canyon because its speed between
instruments 291 and 311, 194 cm/sec, would be almost four
times its speed between instruments 311 and 274, 53 cm/sec.
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III. Data Processing and Results
The moored instruments produced data in the form of
discrete time series which were processed using standard
methods of spectral analysis. The resulting spectra were
examined for trends in their variations within the
canyon and compared to spectra of the internal wave fields
of the deep ocean and of the continental slope and shelf.
A. The methods of time series analysis
Spectral analysis isolates the dependence of various
quantities on frequency, so that the characteristics of
the variations of temperature and velocity at internal
wave frequencies can be separated from longer-period
variations, which have other physical causes. The
spectral functions computed for the Hudson Canyon data
were power density, coherence, normalized potential
energy and horizontal kinetic energy, and consistency
with internal wave theory.
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The Fourier transform is basic to spectral analysis.
It decomposes a time series of data points into a series
of sine and cosine components of different frequencies.
The resulting transform is a series of amplitudes of
these components. Following standard procedure, we
normalized the data sets to have zero means and tapered
their beginnings and ends. These steps prevent spurious
high-frequency components that result from the abrupt
beginning and end of the experiment rather than from any
oceanic process. The tapering was performed using a
cosine bell on the first and last tenths of the series;
the transform itself was performed digitally using a
fast Fourier transform algorithm. The transforms were
normalized so that the transform of a unit sine wave
would have an amplitude of one, and only positive
frequencies were retained (see Bendat and Piersol, 1971).
Cross-power and power functions are the next steps in
spectral analysis. The cross-power of two data sets, a
function of frequency, is the product of each component
of the Fourier transform of one set and the complex conjugate
of the corresponding component of the Fourier transform of
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other. The power of a data set is its cross-power with
itself, in other words, the square of each of its Fourier
components. This function is easily interpreted as energy
as a function of frequency.
Cross-power density spectra or power density spectra
are obtained by averaging the cross-power or power functions
and dividing each point by the size of the frequency interval
it represents. The energy in a frequency interval is
estimated by integrating the power density spectrum. The
statistical accuracy of this estimate can be improved by
increasing the number of points on the average. Spectra for
the Hudson Canyon data were smoothed; cross-power and power
functions were calculated using the entire data sets then
components were averaged over sets of adjacent frequencies
to obtain spectra. I will call the number of components
averaged together nsk. I have used nsk = 10, generally,
except when the accurate location of peaks in the spectra
could be sacrificed to obtain more accuracy in spectral
level. In such cases I used nsk = 30.
Coherence measures the similarity of two time series
as a function of frequency, and, when they are similar,
the phase lag between them. The coherences between pairs
of instruments can be used to judge the length scales of
the internal wave field and the direction of propagation
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of internal waves. I calculated coherence by dividing the
cross-power component by the square root of the product of
the power spectral components of the individual data sets:
P
- A
In this algorithm, the smoothing of the power and cross-
power spectra is done before the coherence is calculated.
Coherence is a complex quantity, expressed as separate
spectra of magnitude and phase. Coherence magnitude varies
from zero to one and signifies the degree of similarity;
the coherence of a data set with itself is one. Phase
varies from -1800 to +1800 and expresses the lags between
signals in the two series as portions of their periods.
The first data set listed in the name of the coherence is
the one that leads when the phase is positive.
Horizontal kinetic energy per unit mass of water is
1/2 (c~tr ). In the solution to the linear internal wave
equations, this quantity varies with depth proportional to
N, the buoyancy frequency. Garrett and Munk (1972) propose
that spectra of horizontal kinetic energy divided by N are
constant not only with depth but throughout the ocean. I
calculated these spectra for the current meter data by
separately computing the power density spectra of u and v,
adding them, and dividing by 2N.
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Potential energy due to vertical displacement of
water is 1/2 gf4p where is displacement distance and
an is difference in density between the displaced water
and that at its new depth. The density spectrum of
potential energy per unit mass is thus 1/2 N PS5 j
where P. is the power density spectrum of vertical
displacements. If the temperature gradient is vertical
and known, the vertical displacement spectrum and hence the
potential energy spectrum can be expressed as functions of
the temperature power density spectrum, rr :
Potential energy is expected to be roughly parallel to
kinetic energy for internal waves, so the spectrum of
potential energy divided by N should be universal if
hke/N is. I calculated spectra of pe/N, ignoring the
along-canyon temperature gradient and using values of
N and vertical temperature gradient obtained from the
CTD survey, for all the moored instruments.
Consistency checks are spectral tests for the validity
of an internal wave interpretation of a data set. They
check whether the relationship between measured quantities
are consistent with internal wave theory. The energetic
water motions in Hudson Canyon might be turbulent boundary
layers or zones of separated flow caused by the shelf or
50.
slope current's encountering the canyon. Some regions in
the canyon have very low density gradients, where internal
waves might not be expected. For these reasons, a few
consistency checks were run before plunging into an
internal wave interpretation.
Fofonoff (1969) presents several consistency checks.
One is the ratio of potential energy to horizontal
kinetic energy, assuming that the temperature gradient is
vertical. Using the linear internal wave equations, this
ratio is normalized so that it is theoretically unity, for
frequencies far from the inertial and buoyancy limits:
consistency = pr- (th ~-(- ( )
+ P (3
Consistency spectra calculated for the canyon current meters
are shown in Figure 13. The values are near one except
for the two instruments at the head of the canyon, 274
and 281, whose consistency spectra are greater than one,
indicating excess potential energy. Since consistencies
greater than one are the expected result of a horizontal
temperature gradient, these results do not necessarily rule
out internal waves as a valid interpretation of the data set.
Two other consistency checks use the coherence between
u and v at a single instrument. Rotary coherence indicates
the rotary content of the velocity fluctuations by using
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Figure 13. Graphs of the
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the out-of-phase component of coherence. Collinear
coherence measures the in-phase coherence and indicates
the directivity of the velocity fluctuations. Using
nsk = 30, the power spectra of u and v and their cross-
power spectrum ( p i/ ) are calculated. Then
rotary coherence =
collinear coherence = (4p - ) + X
Using linear internal wave theory, these functions should
satisfy both
rotary coherence -
and collinear coherence <
Calculated rotary and collinear coherences fit these
relationships reasonably well for the upper end of the
internal wave frequency band, as shown in Figure 14. The
lack of fit for low internal wave frequencies may be due
to anisotropic effects of confinement in the canyon.
This is suggested by the better fit at low frequencies
for upper current meters, located where the canyon is wider.
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Figure 14. Rotary and collinear coherences for current meters 291, 295, and 274.
The theoretically expected curves are at the top; that for collinear
coherence is a maximum.
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B. Data Processing Results
Power density spectra were calculated for pressure
and temperature records from each t-p recorder, and for u
and v and temperature records from each current meter.
For current meters located where the canyon is aligned
more nearly northwestward than northward or westward, u
and v were used to calculate time series of northwestward
and northeastward velocity and their power density spectra.
Pressure power density spectra have roughly o-
-2
or v dependence in the internal wave frequency band.
Significant peaks are at 0.04 and 0.08 cph, diurnal and
semi-diurnal frequencies, with small peaks at 0.05 cph,
the inertial frequency, that fail to rise above the 90%
confidence interval for the curve.- Pressure power density
level and the strengths of the diurnal and semi-diurnal
peaks show no consistent pattern of change with depth or
with section of canyon.
The temperature power density spectra generally are
proportional to a- in the internal wave band, with
significant semi-diurnal and diurnal peaks. Only for
instrument 281 is the inertial peak significant, at the
90% level, above the side of the diurnal peak. Instrument
281 is so far above the bottom on one of the canyon-head
moorings that it is above the canyon walls, and was
measuring the inertial oscillations in the shelf water
above the canyon.
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Within the canyon (i.e. excluding instrument 281)
temperature power density is higher in the canyon head
than at the outer moorings. It increases toward the floor
in the canyon head but decreases toward the floor at the
outer moorings. The semi-diurnal peak is at least as high
as the diurnal one on spectra from the outer section of
the canyon, but lower on canyon-head spectra.
-2.
Velocity power density spectra all have a roughly o-
dependence in the internal wave band and significant
semi-dLurnal peaks. Some also have diurnal peaks, and
some have small but significant inertial peaks. The
only large inertial peaks are in spectra for 281, the
instrument above the canyon walls. As is expected, the
along-canyon velocity is more energetic than across-
canyon velocity. This anisotropy is stronger for longer-
period waves, and in the canyon head. Power density levels
increase toward the canyon head for both along- and across-
canyon components.
Coherences of temperature records were calculated for
the instrument pairs listed in Table III. These include
pairs of instruments on the same mooringi of the same
depth, or at the same height above the bottom. For each
current meter, coherences were calculated between u and v
and between each current component and temperature.
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Table III
Pairs of instruments for which
temperature coherences were
calculated.
at same depth
on same mooring
272
273
274
281
282
283
284
291
292
293
294
295
302
30 3
30 4
306
311
312
313
314
315
" M ,r Hq N m -,v rA C M -- :3 MO " M ;r o H N CM) -- M
N N Nl Cc cc Cc cc c cr l Cr cMW W MM a 0 0 H r 
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Generally, coherences were calculated with nsk = 10. For
highly coherent temperature records, they were recalculated
with nsk = 30 to decrease the size of the error bars on the
phase spectra. (All coherence error bars were computed
using the formulas in Koopmans (1974) for 90% confidence
intervals.)
For these instrument pairs, coherence is generally
high for low frequencies and low for high frequencies, with
a fairly sharp transition. I will call the frequency of
this transition LJ. There are usually several peaks in
the spectrum, where the magnitude is significantly above
the level of the transition slope or the high-frequency
lowlands. Phase changes slowly for the low-frequency range,
but for low coherences it oscillates wildly, signifying
nothing.
Coherence between u and v is high for at least the
low-frequency end of the internal wave band for all the
current meter records. For near-inertial frequencies, the
phase lag implies clockwise rotations at instruments 281
and 311, consistent with inertial oscillations. These are
the two highest current meters and the most likely to
record the inertial waves in the shelf water. For the
rest of the spectra, the phase lags are consistent with
currents aligned with the canyon.
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Coherence between velocity and temperature is high for
the along-canyon velocity components at all the current
meters except 281 and 311. This probably results from the
longitudinal temperature gradients within the canyon.
Coherences between temperature records from the moorings
farthest apart are very low except at periods of 20 to 30
hours. Within the internal wave band, only occasional,
isolated peaks with periods of about 10 hours are
significant.
Mooring 31 is about halfway between the mooring pairs,
27-28 and 29-30, and has instruments at the same depths as
some of the instruments on the other moorings. In general,
temperature coherences between these same-depth pairs are
not significantly non-zero in the internal wave band.
Coherences between instruments of mooring 31 and those of
29 or 30 are high for frequencies less than about 0.025 cph
and at semi-diurnal and diurnal frequencies. The coherence
magnitude for 274-312 is high for low internal wave
frequencies, and that for 283-311 has significant peaks at
0.08 and 0.06 cph.
The mooring pairs, 27-28 and 29-30, are sufficiently
close that temperature coherence magnitudes for instruments
of the same depth are above 0.9 for low frequencies and
is 0.1 to 0.2 cph. The semi-diurnal peak at 0.08 cph is
59.
consistently present. Thus the horizontal coherence length
for internal waves in Hudson Canyon is greater than the
800 m distance between moorings 29 and 30 but, except for
semi-diurnal and diurnal frequencies, less than the 6.6 km
separation of moorings 28 and 31. The greater coherence
length at diurnal and semi-diurnal periods could be
explained by the generation of internal tides by the
surface tide. If the patterns of internal tides at two
locations are simple enough to bear constant relationships
to the surface tides above, then the internal tides should
be coherent if the overlaying surface tides are.
Vertical coherences, between temperature records from
different instruments of the same mooring, also have
significant peaks at 0.08 and 0.04 cph. Both low-frequency
coherence level and w, decrease as the separation of the
instruments increases. Figure 15 shows graphs of these
trends. Low-frequency coherence drops off fastest in the
canyon head and slowest at the deepest moorings. A similar
variation in the dependence of Wt on separation can be
discerned in graph b; the further the mooring is from the
canyon head, the greater is the maximum separation for
which c, is greater than the inertial frequency. Figure 16
shows sample coherence spectra in which the decreasing
coherence with increasing vertical separation can be seen.
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Figure 15. The low-frequency coherence level (a) and
Wt, the maximum frequency of high coherence (b)
of vertically separated instruments, shown as
functions of separation and location in canyon.
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The number of vertical modes present in the internal
wave field can generally be inferred from coherence lengths.
The vertical coherence length is proportional to the
reciprocal of the bandwidth of vertical wavenumbers. The ith
mode has i/2 cycles in the depth of the water, h, for a
wavenumber of i/2h. If a total of I modes is present, the
bandwidth of vertical wavenumbers is:
The vertical coherence length, Z, is then proportional to -I.
Assuming that the modal structure of the canyon internal
wave field is determined by the local water depth only,
which is neglecting the expected effects of confinement
between the canyon walls, this method can be applied to the
canyon data.
For temperature records from different instruments of
the same mooring, both low-frequency coherence level and
the frequency where coherence falls to an insignificant
level decrease as the separation of the instruments
increases. The rate of decrease is faster toward the head
of the canyon. Using Figure 15, the vertical coherence
length can be estimated as the maximum vertical separation
for which any part of the internal wave band is highly
coherent, i.e. the separation where wj becomes less than f.
Using the formula above, the number of vertical modes, I,
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can be estimated for each part of the canyon. Taking Z as
100, 150, and 250 m for the head, central, and outer
moorings, respectively, the vertical coherence length is
seen to decrease in proportion to depth and consistent with
8 or 9 vertical modes throughout the canyon.
Since the ratio of horizontal to vertical wavenumber is
a function of frequency for internal waves, the frequency at
which coherence becomes negligible at a given horizontal
separation can be calculated from the vertical coherence
length. This provides a check on the method used above.
Let X stand for the horizontal separation of the instruments
and T stand for the frequency at which the coherence between
the instruments drops. Assuming Z/X is approximately the
ratio of horizontal to vertical wavenumber at frequencyZ,
the dispersion relationship for internal waves can be used
to calculate .
(horizontal wavenumber C> -
vertical wavenumber/ 1 - e
so iixI N__ _
Nr -7
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For the canyon head, Z/X = 0.2 and 2 = 0.2 cph. For the
outer mooring pair, Z/X = 5/16 and 2 Z 0.3 cph. The
observed WO' sfor nsk = 30 are 0.1 to 0.2 cph, in reasonable
agreement with these calculations since additional factors
can cause low coherence.
Direction of energy propagation can be determined from
the phase lag between coherent instruments. Phase lag
indicates which direction the phase velocity is in, and
energy propagates in the same sense horizontally but in the
opposite sense vertically, for internal waves.
Coherence plots with nsk = 30 were used so that the
error bars on phase would be manageably small. For
horizontally separated pairs, the significantly non-zero
phases in the internal wave frequency band were predominantly
negative, with the up-canyon instrument lagging. Thus the
net energy flux is up-canyon. Non-zero phase lags for
vertically separated coherent pairs were most common at
the bottoms of moorings. They generally show downward phase
propagation, or upward energy propagation, although this
pattern is less clear in the canyon head.
All of the normalized horizontal kinetic energy (hke)
spectra have o dependence in the internal wave frequency
band. Spectra of hke from the tops of moorings differ from
those from bottoms of moorings by having more pronounced
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semi-dturnal (0.08 cph) peaks and less pronounced diurnal and
inertial (0.04 and 0.05 cph) peaks. As is shown in Figure 21
normalized horizontal kinetic energy is generally higher at
the bottoms of moorings than at the tops, and in the canyon
head than at the outer moorings.
The total horizontal kinetic energy in the internal wave
band was estimated using an assumed form for the spectra,
fitted to the individual curves.
If hke = cx a-
then o.ci 4  - + L
and -b is the slope of the hke spectrum on the log-log plot.
Note that 0.05 and 0.5 cph were consistently used as the
limits of integration and that the integral leaves off the
inertial and semidiurnal peaks.
The total internal-wave horizontal kinetic energy
resident in the canyon was estimated by assigning to each
current meter a portion of the canyon volume. The canyon
headward of mooring 30 and below 146 m depth was divided
into regions whose volumes were calculated. The hke of each
region was the product of the integrated hke density of
its current meter, the density of water, and the volume of
the region. The regional horizontal kinetic energies were
summed to get a canyon total of 3.5 (10 11) joules.
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Excess horizontal kinetic energy in the semi-diurnal peak
was calculated by subtracting the level used in the hke
density integral, 7 hke (0.5 cph), from the actual level
of the semi-durnal peak and multiplying by the approximate
width of the peak, 0.01 cph. This semi-diurnal excess energy
was then summed over the canyon volume using the procedure
described above, for a total of 4.2 (1010) joules.
Spectra of normalized potential energy, pe/N, generally
have c- or o- dependence in the internal wave band, with a
-
3
few bending to a o~ dependence at high frequencies. The 0.08
cph peak is generally large, the f peak small, and the 0.04
cph peak intermediate in size. Normalized potential energy
density increases a hundredfold toward the canyon head, and
tenfold toward the bottom at moorings 29 and 30. The ratio
of pe/N density at the semi-diurnal peak to that at the
diurnal peak is two or three at the outer, upper instruments,
but only one third to a half at the canyon head.
Potential energy was integrated over frequency and
summed over canyon volume the same way horizontal kinetic
energy was. The total was 1.0 (1012) joules, three times
the resident hke. Excess potential energy in the semi-diurnal
peak was also computed and summed over the canyon volume, for
a total of 9.2 (1010) joules.
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IV. Estimates of Oceanic Spectra and Energy Transport
The Garrett-Munk (GM) model provides a convenient
representation of the oceanic internal wave field for
comparison to the canyon observations and for estimation of
energy fluxes. Dimensional normalized density spectra of
horizontal kinetic energy and potential energy based on the
GM model are appropriate for comparing the energy level of
the internal wave field in the canyon to that in the open
ocean. The transport of energy into the canyon by internal
waves is a useful quantity for comparison to the total
internal wave energy in the canyon. Internal wave residence
time for the canyon is approximately the ratio of total
resident energy to the energy transport; its relationship
to energy dissipation rates is a clue to the dynamics of
the canyon internal wave field. The energy transport will
be estimated separately for the horizontal upper boundary
and the vertical seaward boundary of the canyon. I will use
the version of the model known as GM75 (Garrett and Munk,
1975) with reference to the earlier paper, GM72 (Garrett
and Munk, 1972), for definitions of variables and scales.
A. The Garrett-Munk Model
The core of the GM model is an expression that
represents internal wave energy as a function of wavenumber
and frequency. This is
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where E is constant,
zero otherwise.
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is a constant that is a scale for mode number.
Garrett and Munk solve the linear, Boussinesq equations
of motion, which are
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They assume that the variables are sinusoidal in horizontal
coordinates and time, and are proportional to non-dimensional
functions of depth that vary more rapidly with depth than N
does (the WKB approximation). The local solutions are
independent of the variation of N with depth; I shall present
them as needed.
The final computational essential of the GM model is its
scaling. The scaled, non-dimensional variables I will use
and their dimensional counterparts are:
buoyancy frequency
frequency
Coriolis frequency
vertical wavenumber
horizontal wavenumber
dimensional
S-
scale
A
-tN
A
-M
non-dimensional
L4(CA4AI
B. Calculation of hke/N density spectrum
Horizontal kinetic energy per unit mass of water is
,E(V T). The spectra computed from power spectra of
measured velocities are estimates of the time-average of hke:
-- ' 7 +k ef
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From GM72, -+;) can be expressed as
where -- is independent of (. Making this
substitution, from GM75:
2 6"Q ____________
1F &- L
the equation for hke becomes
A
Since N = nN, normalized hke is
N M
3
tA) - A
which is, after switching to dimensional frequencies,
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The density spectrum of hke/N is the function that,
when integrated over frequency, yields hke/N. From above,
this is
A
which can be calculated by these substitutions:
N = 3 cph
M = 0.122 cp km from GM72
E = 6.3 (10- 5 )
f = 0.053 cph for latitude 39.50
(I P L - 771.6 Cfi~
Thus the density spectrum of hke/N, according to the GM
model, is
0.- 3
Cw\
This is graphed in Figure 17.
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Figure 17. Normalized horizontal kinetic energy spectrum
calculated using the Garrett-Munk model.
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C. Calculation of pe/N density spectrum
Potential energy per unit mass of water is .
The time average of this corresponds to spectra estimated
from data:
pe
From GM72, depends on E(N,4) through
Z
the relationship
- ' dto~ independent of ( .
Using, from GM75,
(O-<j 6.j L
the expression for pe becomes
A r
- IFT_7_ _ _
1-
wAL
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A _ - -_ _ -
N /\ N tofr -
LIU~ )X )W'
'Z G~C3~ I
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Thus the density spectrum of pe/N, according to the GM
model, is
A
S 
-rIlL. L1 C -t
For N = 1 cph, correct within a factor of three for the
canyon, this is
I Z-Ca2. cf3 - .(
Se-r!
This is graphed in Figure 18.
Integrals of the GM energy density spectra can be
evaluated using these identities:
Th o - i r Co o -7
The integral of hke density is proportional to
I3JLT~ ~ . -C -
= L/3,- ., -I ir {C-o os cf4k'- I f,
z r'
7/',t t t
I0
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.I
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N
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o- cph
Figure 18. Normalized potential energy spectrum
calculated from the Garrett-Munk model.
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So the integral of hke density is 7.2 (cm/sec)2. The integral
of pe density is proportional toS- 7  Cc 2C'
So the integral of pe density is 6.8 (cm/sec)2
D. Vertical energy transport into Hudson Canyon.
The instantaneous vertical energy flux due to an
internal wave is the product of the pressure fluctuation and
the vertical velocity caused by the internal wave:
Iz = p'w.
Here p' is the deviation of total pressure from hydrostatic
pressure. If p' and/ are assumed to have these forms:
P evX X + t
then V, - 2ILhx "V', - /
and the average of pr over a number of cycles is
f-- r- PIV
The solutions to the equations of motion yield
Fo o- k
N-co N -o-'
"1.
and
So -
- . -N-
v/ iw
Switching to the non-dimensional GM notation, this is
I I I-~ -j ~ j ~'-W'
In the GM model, the energy is equally divided between
upward- and downward-propagating internal wave modes. Thus
half of the energy represented by their integral is
propagating upward and should be left out by my estimate
of the amount of energy transported into the canyon through
its upper boundary. Therefore, if I substitute the GM
expression for/A r in my formula for vertical energy
propagation, I can also substitute 1/2 for W and have a
formula appropriate for the downward fraction of the vertical
energy propagation. From GM72,
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and I
2.I
A; _ l"NWVI\
From GM75, Ew ) EA() (.o) )
and A 2
So I make this substitution:
W iI'iT- ' (A
iwL(7 *f))
and my expression for downward energy flux becomes
A(A)
function of w function ofp
Integrating over , II _ A(A)d1\ 
_______
/3 I jJ 04=
+ K
t 1
using j* = 6 as suggested in G75. The expression for
using j* 6 as suggested in GM75. The expression for
downward energy flux becomes
A/ N- _E7~z (hI 6 j/) &() j .
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Integrate over w :
\ 4
zr 3-J
z- QW I_ )
1 W f
k-2,
-' Ql WiI ?(1 t Fi
[(.")4(!A
c2 ' .iI1SwF
-rT
The expression for ddwnward energy flux becomes
M\13 
__*__]_2-__2_
Switching back to dimensional frequencies, and using these
values:
M 0 r
M = c. (2
6 (l, ) i
from GM 75,
the energy flux downward carried by the GM-model internal
wave field is found to be
-~ i 4
7 1-t1In r
NI 1 'II
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The sum of this over the canyon's top boundary is
the transport into the canyon. The boundary is taken to
be the 146 m depth, as for the sums of energy resident in
the canyon. The value of N that was assigned to each region
of the canyon in summing the potential energy over canyon,
volume is also used in calculating Iz .
Section Head Middle Outer Sum
N 1.7 2.1 1.75 cph
Iz 0.0118 0.0156 0.0122
watts/m2
area 24.1 39.4 50.4 km2
transport 0.284 0.615 0.617 (106) 1.516 (106)
(106) (106) watts
Internal waves thus carry about 1.5 (106) watts vertically
into the canyon.
E. Horizontal energy transport into Hudson Canyon
Taking the direction normal to the seaward entrance
to the canyon as the x-direction, the transport of energy
into the canyon is the integral over the entrance of Ix,
the time-averaged energy flux in the x-direction. As before,
the energy flux due to internal waves is the product of
the velocity component and the pressure fluctuations,
Ix = p'u.
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Assuming the variables have these forms:
u = Re (U(z) exp i (kx + ly - t))
p' = Re (P(z) exp i (kx + ly - 0 t)),
the solutions to the linear internal wave equations include
fz))
Thus (k IL&ef;x2t
x 
RePU(Z:7-C
6 3 1 ; (C.If 1 [ - 4-U ;&,( x -44
Averaging over an integer number of cycles in time,
IIu'()7 I -- ,
C- Z "
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-1 "(' 7- -_
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where Ut can be found in GM72:
The GM model assumes horizontal isotropy of energy
propagation. If an energy density function ( , e)
is introduced, where e denotes the horizontal direction of
the wavenumber vector, then to be consistent with the GM
model C must be independent of 0 and yield G(XCO)
when integrated from -=0 to Lr. Hence
2--TT
So if internal wave modes are sorted by propagation
direction 6, in addition to X and CO ,
Switching to the notation of the GM model in the
expression for Ix gives
A
independent of &
where I have used and =o< A-
This expression must now be integrated over 9 . Since
the canyon is assumed to be in the positive-x direction,
the limits of integration are - +
T I J
-- _ _ _ __ _ _ 0-w -
follows from the identity
with these substitutions:
C - 0 W
So the energy flux into the canyon is
P, 'LITT 3
A-(A~
n byk3
Functi ony of
w only j
The integral over K is performed by the method explained in
section D:
0
83.
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This leaves
The remaining integrand has an approximately ,
dependence, so for h j>>uJ) the value of the integral depends
very weakly on n(z). The integral was evaluated numerically
for w. = 0.0177 - appropriate for latitude 39.50 - and
found to range from 230 to 240 as n(z) varied from 0.5 to
0.9. To a good approximation, then, the value of the
integral is 235, and
__ 
AL 23 E k1)
To compute the total energy transport from the sea,
this function needs to be multiplied by the width of the
canyon entrance, a function of depth, and integrated over
depth. At the edge of the continental shelf, the canyon
profile is approximately V-shaped, with a ledge on one side:
-- > 1 9 j. - 600 vc
6 c
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Let ?/()represent canyon width as a function of depth.
; () (L q3
SL/ b- if > - 00 v
zero otherwise.
Using-the GM72 approximation for n, n (z) = e
the depth integral is
and the total transport of energy is
&<> )-13  [1 J
This horizontal transport is in addition to the 1.5 (106)
watts of vertical transport calculated in section D. The
total energy transport into Hudson Canyon due to internal
waves is thus about 2.5 (106) watts.
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F. Residence time and dissipation rate
The quotient of the amount of energy resident in
the canyon to the transport of energy into the canyon gives
the residence time, the period required for the energy
sources to fill the canyon to the observed level. The
sum of horizontal kinetic and potential energies over the
canyon volume is about 14(1011) joules (see Chapter III).
Thus -the residence time is
For comparison, first mode internal waves of ten-hour
period would travel from Ehe canyon entrance to its head
in about two days, or from its top to the floor and back
out in four.
The amount of dissipation of internal waves in the
canyon should balance the net influx of internal wave
energy. For periodic near-bottom velocities of amplitude A,
Officer (1976, p. 94) derives the following expression for
the rate of energy loss through friction per unit area of
floor (or wall):
-where , 3
where i / 2 t - o
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Using A = 15 cm/sec for the upper and middle sections of
the canyon and 8 cm/sec for the outer section, the total
dissipation from this formula is 2 (105) watts. This is
less than the internal-wave transport of energy into the
canyon by a factor of ten. If this formula is appropriate
for the canyon, some process other than frictional
dissipation at the walls is dissipating most of the
internal wave energy, or the internal waves must be
escaping from the canyon. Concentration of energy in the
canyon head, short length scales there, and the lens of
mixed water in the top of the canyon suggest that a
significant amount of wave breaking is occurring in the
head of the canyon and that internal wave energy is
being used to mix the canyon water.
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V. Discussion and Conclusions
Our study of Hudson Canyon revealed an internal wave
field different from that of the deep ocean. The effects
of the canyon on internal waves can be illuminated by
comparison with the models of Garrett and Munk (1975),
Prinsenberg et al., (1974), and Wunsch (1969), and with
internal wave observations from the continental shelf
and slope. Submarine canyons are apparently maintained by
occasional strong currents that sweep out loose sediment.
The storm currents we recorded probably had this effect.
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A. Internal Waves of General Frequency
In shape, power spectra of the canyon internal wave
field resemble those of data from above the upper continental
slope. They have the general o- dependence of the GM model
but lack a significant inertial peak. Two instruments of the
canyon array produced spectra with inertial peaks and
velocity coherences that indicated inertial waves. These
were current meters 281 and 311, the most likely to be
affected by the shelf circulation. Inertial waves are
common in the upper layer of water above the shelf and
upper slope (Mayer et al., 1979, Zenk and Briscoe, 1974).
Velocity coherences and power spectra from the other array
instruments show no significant inertial waves. This is
consistent with the usual suppression of inertial waves
near the continental slope and other topograhic features
of the sea floor (Wunsch and Hendry, 1972).
As shown in Figures 19 and 20, the energy in the
internal wave band is higher everywhere in the canyon than
that predicted by the GM model. It increases by a factor of
100 toward the canyon head and by a factor of ten toward
the floor at the outer moorings. Figure 21 compares
normalized energy spectra for the different locations,
demonstrating that the energy differences are not explained
by variations in buoyancy frequency. Theoretically, the
expected effect of decreasing depth on internal waves
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Figure 19. Horizontal kinetic energy density integrated
over the internal wave band, shown as a function
of position in the canyon.
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Figure 20. Potential energy density integrated over the internal wave band,
shown as a function of location in the canyon.
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is that energy should increase in inverse proportion to
water depth. This has been measured on slopes by Zenk and
Briscoe (1974) and Gordon (1978). I believe that what is
happening in the canyon is a three-dimensional version of
the same process. As internal waves progress shoreward,
they carry their energy into smaller widths as well as
smaller depths, and the increase in local energy exceeds
the decrease in depth. Near-bottom energy intensification is
also predicted both by Wunsch's (1969) solutions for the effects
of a sloping bottom and from the kinematic effects of the
walls of a V-shaped canyon.
Energy spectra from the canyon differ subtly from the
shape of the GM model at high internal wave frequencies.
Although the integrals of the energy density spectra are
greater than that of the GM model in all cases, the
energy density at 0.2 cph is less than that of the model
at the upper instruments of the outer moorings. This
depletion of energy at high frequencies while internal
waves in general are amplified is related to the critical
frequency of the canyon walls. While the intensification
of internal waves by the sloping floor is augmented, for
most frequencies, by the converging walls, internal waves
incident from above which encounter a wall at a point
where its critical frequency is less than their frequencies
will be reflected up out of the canyon rather than down
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into it. The average slope of the canyon walls is about
0.25, for a critical frequency of about 0.25 cph. This
explains why the level of the energy density spectra at
0.2 cph is not a good indicator of the energy present
in the internal wave frequency band as a whole. The
high-frequency cut-off thus caused is gradual because the
wall slopes vary considerably.
The internal waves of the continental shelf differ
from those of the deep ocean by being predominantly of the
first vertical mode, with only one velocity maximum between
the surface and the bottom. Oceanic internal waves are
observed to have six to ten vertical modes, as described
by the GM model. In Hudson Canyon, though the coherence
lengths decrease with proximity to the canyon head, the
number of modes implied remains constant at about eight.
This is consistent with the GM model and with the Wunsch
(1969) solution for internal waves propagating up a slope.
In this solution, wavelengths were found to decrease in
proportion to depth.
Canyon waves are anisotropic both in velocity and in
sense of energy propagation. Velocity anisotropy is evident
from the inequality of the power density spectra for
along-canyon and across-canyon components. As shown in
Figure 22, the along-canyon component is more energetic
than the across-canyon one. Anisotropic internal waves
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like these with the strong component along the bathymetric
contours have been measured near seamounts and submarine
scarps (Wunsch and Webb, 1979), and are easily understood
as the effects of nearby impermeable walls. Canyon
velocities are more anisotropic where the canyon is
narrower and for low frequencies that have the largest
horizontal scales; these trends make sense if the walls
cause the anisotropy.
On the continental shelf, anisotropic internal wave
velocities are also found, but with the strong component
normal to the isobaths (Gordon, 1978). In this case, the
cause of the velocity anisotropy is anisotropy of internal
wave propagation. A large proportion of the internal waves
on the shelf are propagating shoreward, normal to the
trend of the shelf break. They were either generated
there, as are internal tides, or were refracted as they
entered shallow water from the ocean so that they crossed
the shelf break normal to its trend (Wunsch, 1975).
Predominantly one-directional wave propagation as
found on the shelf would cause the sense of velocity
anisotropy found in the canyon if the dominant direction
of propagation is along the canyon axis. The importance of
one-directional energy propagation is indicated by the
phase lags between coherent instruments that were at the
same depth but horizontally separated. The non-zero
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phases in the internal wave band are mostly negative,
indicating up-canyon energy propagation. Thus internal
waves in the canyon, like those on the shelf, predominantly
propagate in from the sea.
Non-zero phase lags for the vertically separated
coherent pairs generally show the lower instrument lagging,
implying upward energy propagation. This pattern is less
clear in the canyon head and more clear near the floor, the
upper instrument pairs generally having no significant
phase lag. This effect also appears in the Wunsch (1969)
model of internal waves propagating up a slope.
Coherence phases calculated using Wunsch's velocity
solution evaluated at two'different vertical levels are
large only if one of the levels is near the floor, decrease
rapidly as the lower level leaves the floor, and indicate
upward energy propagation. For a first mode wave of ten-
hour period in 810 m of water, the phase lag between 800 m
and 720 m is 560, the lag between 720 m and 640 m is 17',
and that between 640 and 560 m is only 90. This pattern
agrees with those found (with a similar floor slope, f, and
N) in the vertical coherences from canyon moorings 29 and
30 (see Figure 16).
This effect can be thought of as the necessary upward
energy flux as the waves propagate along a rising floor.
The energy that was in the water deeper than the local
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floor depth must move upward to go toward the head of the
canyon.
B. Internal tides
Peaks at the semi-diurnal and diurnal frequencies,
0.08 and 0.04 cph, appear on all of the power and energy
density spectra and most of the coherence spectra from the
Hudson Canyon array. Both peaks grow more energetic toward
the head of the canyon, but the diurnal one grows faster.
These observations were expected from the hypothesis that
internal tides are being generated along the canyon walls.
Diurnal internal tides are of lower frequency than inertial
waves at this latitude and hence cannot travel as free
internal waves; they are trapped in their area of
generation (Wunsch, 1975). Their strength in the canyon-
head records compared to the data from deeper in the canyon
may be partly caused by the relative proximity of the
canyon walls to the instruments in the canyon head.
A residence time for semi-diurnal internal tides can
be estimated using the computed total excess energy at the
semi-diurnal period, 13.4 (1010) joules, and an estimate
of the rate of internal tide generation. Wunsch and Hendry
(Wunsch, 1975) estimated that just east of the canyon
internal tides radiate shoreward from the shelf break at
a rate of 6 watts/m. Taking this as an estimate of the
rate of internal tide production at the top of the canyon
walls, the energy source from 80 km of wall is 5 (105) watts.
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This source could supply the observed excess semi-diurnal
energy in three days. For comparison, first mode semi-
diurnal internal waves can propagate from the surface to
the canyon floor and back in about a day; the dissipation
rate calculated in Chapter IV for friction at the canyon
walls is 2 (105) watts. I believe internal tides generated
on the walls of the canyon adequately explain the semi-
diurnal peaks on the canyon energy spectra, and wall friction
is adequate to dissipate them.
C. Sediment transport
The sediments in Hudson Canyon ought to have been
affected significantly by the currents we observed during
this experiment. Concentration of energetic internal waves
and tides in the canyon head probably causes the energetic
sediment movement and suspended silt in the canyon head
and the differences between the upper sediment zones. The
storm currents that occurred during the last week of the
experiment were probably responsible for transporting a
large volume of sediment through the canyon to the sea
floor.
The mechanisms that concentrate energetic waves in
the canyon head have already been described. The result,
in Hudson Canyon,is an increase of internal wave energy
by a factor of 100. The average rms velocities for the
15 weeks are 5 to 10 cm/sec at the current meters 10 m
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above the bottom in the central muddy zone. At the deeper
instruments, the velocity time series have long intervals
of low speed associated with the change in direction of
the semi-diurnal component. In the canyon head, the
velocity signal is rather sinusoidal, without long
intervals of low speed. This lends credence to the Drake
et al. (1978) explanation of the muddy zone; the mud
settles out during the long intervals of low speed found
there, and requires a higher velocity to resuspend it than
to keep it in suspension.
The storm currents that occurred in Hudson Canyon on
January 9 through 11 resemble the low-speed turbidity
currents described by Shepard et al. (1977). Like low-
speed turbidity currents, they had a maximum down-canyon
water velocity between 50 and 75 cm/sec, occurred during
a storm with strong offshore winds, and consisted of first
an up-canyon and then a down-canyon flow. The important
difference between the storm currents and low-speed
turbidity currents is duration; 16 hours for the down-
canyon flow that we measured instead of one or two hours,
as for a low-speed turbidity current. We have no evidence
that the water constituting the Hudson Canyon flow was turbid,
but in light of its resemblance to Shepard's observations, it
would be very surprising if it were not. In particular, the
water originating in the canyon head would already be turbid
because of the energetic
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oscillations there. I believe such currents create the
scour and ripple marks in the deepest section of the canyon
and sweep out the loose sediment that falls into the canyon.
These currents seem to have resulted from coastal up-
welling during an unusually strong storm. The up-canyon
flow was probably the undercurrent needed to balance the
offshore surface drift driven by the wind, and the down-
canyon flow was the return of the seawater that intruded
onto the shelf during the storm. Because only one such
storm and one such response occurred during the experiment,
the threshold for their occurrence in Hudson Canyon cannot
be determined. All that can be said for certain is that as
often as a similar storm occurs, a similar storm current
likely results. Estimates of the relative magnitude of
the sediment transport caused by internal waves and the
amount of sediment carried by the storm current can be used
to estimate the frequency at which storm currents must
occur if they are the dominant sediment-carrying process
in the canyon.
Sediment transport formulas are customarily expressed
in terms of the Shields parameter, f, which expresses the
ratio of entraining to stabilizing forces for a grain
resting on the floor. For I well above the critical
value at which sediment transport commences, the volume of
sediment carried in suspension in the water and along the
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floor as bed load has been observed to be approximately
proportional to f5/2. The Shields parameter is proportional
to the bottom shear stress which is proportional to the
square of the friction velocity, u,. In the law of the
wall, a standard logarithmic expression for turbulent
flow above a floor, the velocity at a given height is
proportional to u* for fully rough turbulent
flow. Thus, for a given sediment, fluid, and floor roughness,
is roughly proportional to velocity squared and sediment
transport is roughly proportional to the fifth power of
velocity. With these assumptions, the relative transports
of different currents can be estimated as the ratio of the
fifth powers of their velocities measured at the same
location. For currents close to the minimum required for
any sediment motion, observed transport rates are
proportional to smaller powers of , so use of u5 as a
relative indicator of sediment transport overestimates
the transport of relatively slow currents (see Madsen,
1975).
The velocity outside the bottom boundary layer at
which tranport of very fine sediment commences is about
10 cm/sec (Keller and Shepard, 1978). This is greater
than the mean amplitude of the velocity measured by
instruments 295 and 306, so there the internal wave field
is probably unimportant in sediment transport. This
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conclusion could be reached independently from consideration
of the thick lens of soft mud that has been observed in
this section of the canyon. At our canyon-head moorings,
27 and 28, the mean amplitude of the velocity near the
floor was about 15 cm/sec, and in the extreme head of
the canyon oscillations of amplitude 25 cm/sec have been
reported (Keller and Shepard, 1978).
Assuming a sinusoidal velocity of amplitude A and
period 12 1/2 hours and integrating over the whole down-
canyon portion of the cycle, the time-averaged transport
is proportional to 0.17 A5 . This overestimates the actual
sediment transport by including in the integral velocities
that are too low to move sediment and by using the Y5/2
rule for the whole velocity range.
During the down-canyon storm current at the canyon
floor, the velocity function was approximately a triangle,
60 cm/sec in height and 20 hours in duration. Using this
function for u and integrating u5 over time yields 0.17
(20 hr) (60 cm/sec)5 proportional to the total transport
of the event. The length of time for which the internal
wave velocities would have to act to equal the sediment
transport of the storm current is approximately this
ratio:
time required = 20 hr (60 cm/sec) 5
A5
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For the 15 cm/sec amplitude of the oscillations at our
canyon-head moorings, the time required is about two years,
so that if several storm currents occurred every year they
would carry more sediment than the internal waves in that
section of the canyon. For the 25 cm/sec amplitude reported
by Keller and Shepard, the time required is two months,
indicating that in the shallowest part of the canyon internal
waves are probably more important than storm currents in
sediment transport.
I conclude that in the canyon head internal waves are
probably important for sediment transport, but, to get the
sediment all the way down the canyon, storm currents or
turbidity currents are needed. The internal wave field in
most of the canyon does not produce large enough velocities
to move the sediment significantly. The concentration of
internal wave energy in the canyon head keeps sediment
suspended there and possibly erodes the rock walls of the
canyon. The storm currents occasionally sweep out all the
loose sediment and keep it from filling the outer parts of
the canyon.
D. Conclusions
The Hudson Canyon observations agree remarkably well
with our hypothetical picture of internal waves in a
submarine canyon. Internal tides are apparently generated
at the canyon walls and trapped in the canyon. Internal
wave energy is high in the canyon head and near the floor
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consistent with the expected combined effects of the sloping
floor and walls. Internal wave energy flows into the
canyon from the sea, and upward near the bottom as found
in Wunsch's (1969) solution. While boundary friction is
sufficient to dissipate the excess internal tides, it is
an order of magnitude too small to balance the influx of
internal wave energy. Dissipation of this energy might be
accomplished through internal wave breaking and mixing the
water in the canyon head, creating the layer of mixed water
observed in the top of the canyon. Sediment distribution
in the canyon correlates spatially with the variations in
the internal wave field, but the importance of the storm
currents in carrying sediment seems to outweigh that of the
internal waves in most of the canyon, an important
departure from our initial hypothesis.
Our initial hypothesis matches current observations
from other canyons summarized by Shepard and Marshall
(1978) and Keller and Shepard (1978). They found
along-canyon velocities generally greater than across-
canyon velocities except at high frequencies. Where
canyons are deeper than 200 m, strong diurnal and
semi-diurnal oscillations have been observed,
particularly in regions of large surface tide. Shepard
and his co-workers have observed that velocity amplitudes
increase and that the interval between changes in flow
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direction decreases toward the heads of canyons, consistent
with the intensification of internal waves. In some
canyons, velocity records from different locations can
be overlaid with a time lag, and the similarity between
the two records is so great that Shepard et al. concluded
that internal waves were advancing along the canyon axis,
usually going up the canyon. Although low-speed turbidity
currents and unusually strong tides have been observed
during storms, prolonged reactions like the storm currents
we observed in Hudson Canyon have not been reported and
are probably uncommon.
Thus our model for Hudson Canyon probably also applies
to the series of submarine canyons that indents the
continental shelf of the East Coast. All are similar to
Hudson Canyon in shape, and all seem to have several
sediment zones along their axes, with coarse grains in
the canyon heads being actively resuspended and sorted
while finer grains at the base of the continental slope
show signs of only an occasional current strong enough to
move them (Keller and Shepard, 1978). Hudson Canyon is
larger than the others, but insofar as the currents in it
depend on its shape and location at the edge of the shelf,
similar processes should occur in the other East Coast
canyons.
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The oscillatory currents in Hudson Canyon are of two
origins. Internal tides are produced at the edge of the
canyon as they are along the rest of the shelf break, and
internal waves of most frequencies are trapped in the
canyon once they enter it. Both of these effects are
caused by the shape of the canyon and can be expected to
occur in any submarine canyon.
The magnitude of the tidal effect depends on the
strength of the surface tide and on the length of the
walls. Other things being equal, the amount of energy
drawn from the surface tide should increase in proportion
to canyon length. The local magnitude of the internal
tides within the canyon depends inversely on the canyon
volume per unit length, i.e. its cross-sectional area.
Thus the internal tides in the smaller canyons near Hudson
Canyon should be approximately equal to those in the part
of Hudson Canyon that has the same cross-section.
The internal wave effect depends on the area of the
boundary between the canyon and the shelf and slope waters,
thus canyon efficiency as an internal wave sink increases
as the square of length, assuming shape remains constant.
The amount of internal wave energy concentrated in the head
of a smaller canyon should be less than that in Hudson
Canyon approximately as the ratio of the areas of the two
canyons. These proportionalities would cause a larger
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fraction of the oscillatory energy in a smaller canyon to
be in internal tides.
Energy concentrates in the head of Hudson Canyon
because of the shape of the canyon, and affects the
sediments as can be seen from their zonation. Other East
Coast canyons are expected to have these effects on internal
waves and have been observed to have sediment zones, too
(Keller and Shepard, 1978). Possibly the waves have
stronger effects on the canyons; particularly in the
canyon heads, energetic motions of silt-carrying water could
be responsible for erosion of the walls. If these processes
are geologically important then canyons shaped as efficient
internal wave collectors, those with near-vertical walls
and near-horizontal axes, should tend to grow faster than
others. So, also, should canyons located in regions of
large surface tide, and with walls nearly parallel that
would more efficiently trap the internal tides they
generate. Thus the morphology of canyons might be used to
check the importance of these processes in their growth.
In most of Hudson Canyon, internal wave velocities are
too small to carry a significant amount of sediment compared
to strong down-canyon storm currents, such as the one we
observed. This current was part of the canyon water's
reaction to coastal upwelling during a storm with unusually
strong winds. Because only one such event occurred during
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the experiment, the frequency of their occurrence in Hudson
Canyon cannot be determined. They probably occur less
frequently in canyons that are located on straight coasts
instead of bights, but more frequently, for lesser storms,
in canyons with shallower, near-shore heads. This agrees
with the results of Inman et al. (1976) who ascribe most
of the sediment transport in shallow, near-shore West Coast
submarine canyons to strong currents caused by the
interaction of wind, water, and coast.
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